At present, the burning problem of low power burners widely used in emergency and stove heating on the plateau has gradually attracted people's attention. e fuel injection pressure, inlet air ow, air distribution regulation coe cient, and environmental pressure were considered respectively, and then the four factors and six levels of a uniform experimental investigation were conducted in a low-pressure chamber with adjustable atmospheric pressure. e ame morphology, ame temperature, and NO emission were investigated, and their correlation with each independent variable was analyzed. In addition, burning of droplet swarm was obtained with the simulate numerical calculation by the ANSYS FLUENT. e results showed that the low-pressure environment had a negative correlation with the maximum width and position of ame, the characteristics of ame upli ed and NO emission. Air volume determines the length of the ame, and atmospheric pressure and fuel injection pressure determine the maximum width of the ame. e shape of the horizontal jet ame in plateau environment is more dependent on the regulation of air volume. In order to reduce NO emission in plateau environment, it may be necessary to maintain a large air supply volume and reduce fuel injection pressure appropriately. At the microscopic level of droplet combustion, change mechanisms of macro ame shape in di erent subatmosphere were analyzed. e mechanism of ame morphological change in the plateau environment is the increase in droplet burning time and path. e adjustment of ame under sub-atmospheric pressure through the change of operating parameters is essential to improve the burning rate of droplets.
Introduction
Low power fuel burners are widely used in various chemical heating and heat transfer equipment [1, 2] . At present, there are always some problems such as insu cient combustion, high pollutant emission and low e ciency in the application of the plateau environment. Especially in China, there is the Tibet plateau, the largest plateau in the world. As we all know, the main change in the plateau environment is the decrease in atmospheric pressure [3] . With the decrease in atmospheric pressure, oxygen content decreases accordingly [4] , which will lead to the change of chemical reaction mechanism of fuel combustion in such low-pressure and low-oxygen environment, and eventually lead to the change of ame morphology [5] , ame temperature [6] , and pollutant emission [7] . e in uence of the operating parameters of the burner and the atmospheric pressure changes in the plateau environment on the combustion characteristics of the small diesel burner is complex, especially for di erent atmospheric pressures at di erent altitudes.
For a long time, scholars have been deeply studying the vertical jet ame of gaseous fuel under low atmospheric pressure [8] [9] [10] [11] [12] . For liquid fuel combustion behavior at reduced atmospheric pressure, the in uence of atmospheric pressure on the di usion characteristics of pool re was rst investigated [13] . It was found that when the atmospheric pressure was lower than 0.08 MPa, the highest value of ame temperature was far away from the burner outlet with the decrease in pressure. e standard combustion experiment of liquid fuel was completed through the small size mobile laboratory carried by helicopter [14] . e combustion chamber size was 6 m (L) × 2.8 m (W) × 2.1 m (H) m, and the altitude was within the range of 400 m (97 kPa) to 3000 m (71 kPa). Experimental results show that the combustion rate decreases with the decrease in ambient pressure. Scholars conducted a similar oil pan re comparative combustion experiment at higher altitudes [15, 16] , and the experimental results veri ed that the ame height of liquid fuel increased with the increase in altitudes. For ame temperature, most scholars believe that low-pressure conditions will cause the temperature rise in some ame areas [17] [18] [19] , which will also lead to an increase in pollutants to a certain extent. Some scholars also found that the ame temperature of n-heptane at the height of 4250 meters was slightly higher than that at the lower altitude [20] . For the fuel burner, its operating parameters mainly include fuel injection pressure [21] , air volume [22] , air distribution condition coe cient [23] , etc., which have an important impact on the combustion characteristics of the ame. However, the in uence of these operating parameters on the combustion characteristics of a ame in a lowpressure environment has been rarely reported. In addition, in the low-pressure environment, pollutant emissions also need to be focused. In low-pressure environments, the reduction of oxygen content due to atmospheric pressure may eventually lead to substandard pollutant discharge [24] .
In this paper, various operating parameters and atmospheric pressure have been studied experimentally. The flame morphology was analyzed by image processing method and the pollutant emission was sampled by a smoke analyzer. The temperature distribution on the flame trajectories was measured by the thermocouples and a thermal imager. The primary and secondary effects of operating parameters on the combustion in the plateau environment were obtained. The combustion mechanism of spray flame in plateau environment is explained from the perspective of droplet combustion. It is of great significance to the control of burner flame and temperature in a high altitude environment.
Experimental Setup and Method

Experimental Device.
e low-pressure chamber has become the main means to simulate di erent sub-atmospheric pressure environment [25, 26] . e combustion experiments in this paper were all carried out in a low-pressure chamber. e comparison with the local atmospheric pressure (Kunming, China, 0.08 MPa) shows that the low-pressure chamber is feasible. e schematic diagram of the overall experimental device is shown in Figure 1 .
In the experiment, the Riello 40-G5 type burner is xed to an experimental box and placed in a low-pressure chamber (3 m (length) × 2.5 m (height) × 3 m (width)). Figure 2 shows the main three-dimensional con guration of this fuel oil burner. e adjustable pressure range of this low-pressure chamber is 0.045 -0.10 MPa. Images are widely used for the observation of ame morphology [27] . A high-de nition camera was used to record the ame in the low-pressure chamber no. 0 diesel is used for combustion. In order to monitor pollutant emission, the probe of the ue gas analyzer is inserted at the ue gas outlet, and the data are transmitted to the data 3 Complexity acquisition system. e material object photo of these instruments and equipment outside the chamber are shown in Figure 3 (a). In addition, we use the weighing method to monitor fuel consumption. e thermocouples are xed on the opening on the rear side wall of the experimental box. And the position of the thermocouples can be adjusted up and down according to the experimental situation so as to test the temperature of the ame trajectory.
For video recording, choose SONY HDR-CX360E video camera and ermaCAMTMS65, which are located 1.2 meters away from the ame center axis, as shown in Figure 3 . e camera records 25 frames per second with a size of 1920 pixels × 1080 pixels. erma-CAM records 50 frames per second, precision of which is ± 2 °C. A thermocouple tree consisting of 6 thermocouples (K type) with a diameter of 0.5 mm was installed along the axial center line, which was used to calibrate the thermal imager.
ermocouples are also used a er calibration.
Design and Analysis of Experiments.
e air volume is adjusted by controlling the damper of the fan, and the ratio of air distribution is adjusted by adjusting the coe cient of air distribution. erefore, the uniform experimental design in this paper has four factors: fuel injection pressure, throttle opening, air distribution regulation coe cient, and atmospheric pressure. Due to a large number of experimental factors and levels, the uniform experimental design method is adopted in this paper. e uniform design experimentation calculation process, it has limited advantages over rate model. is model uses a mixed fraction (Mixture Fraction) theory, to simplify the problem of mixing problems, to avoid blocking, understand the di culties of nonlinear equations of reaction rate, and reduce the computational expense.
In this paper, it is not necessary to analyze the ne structure of ame vortex, but to explain the macro changes of spray ame in plateau environment from the perspective of droplet group combustion. erefore, the combustion calculation is carried out based on RANS turbulence approach and non premixed combustion equilibrium chemical reaction.
For unsteady two-phase combustion, the governing equation of the droplet surface should be as follows:
In the above formulas, v is vertical velocity of the droplets; is temperature; is pressure; is the density; is the mass fraction; is di usion coe cient; is droplet radius; is dynamic viscosity; is the thermal conductivity; is droplets latent heat of vaporization. Wherein the subscript: refers to liquid; refers to vapor; and refer to the normal direction and peripheral direction, respectively; is oxidant; is fuel; refers to the spherical surface of the liquid droplet.
Phase-to-phase coupling calculation can be considered in transient ow. In each iteration time step, the continuous phase and discrete phase are selected to conduct a coupling calculation every 40 steps. For the numerical calculations in this article, the components will be simpli ed into a single light diesel fuel component C 12 H 23 . In order to consider the
is an experimental design method that only considers the uniform dispersion of test points within the test range [28] .
If there are 4 factors in this experiment and 6 levels for each factor, a total of 6 4 (1296) experiments need to be arranged. However, the uniform experimental design only requires these 6 groups of experiments. e uniform experimental design is shown in Table 1 .
For the design of uniform experimental scheme, precisely, only a small number of experiments are needed to obtain the degree of in uence of each factor on the dependent variable. However, the data processing process of the uniform experiment is more complicated than that of the comprehensive experiment and orthogonal experiment, which requires correlation and multiple regression analysis [29] .
Pearson correlation coe cient was used to analyze the correlation between the respective variables and dependent variables. e closer Pearson correlation coe cient is to 1 or −1, the stronger the correlation, and the closer the correlation coe cient is to 0, the weaker the correlation. By estimating the covariance and standard deviation of the sample, the Pearson coe cient ( ) of the sample can be obtained as follow:
where refers to the independent variable, refers to the dependent variable, and the index represents the sample number.
Numerical Method.
e macroscopic law of ame change can be obtained from the experimental data. However, it is not enough to explain the mechanism of change by experiment simply. So, the investigation of numerical calculations is obligatory. While most of the other approaches rely on a Eulerian formulation for the continuous and a Lagrangian description for the dispersed phases (Eulerian-Lagrangian), assumed Probability Density Function (PDF) methods are based on Lagrangian-Lagrangian descriptions. Repp et al. [30] [31] [32] studied with an assumed PDF model of a turbulent di usion ame in a closed cyclone-chemical interactions and found that this model has a certain level of accuracy. PDF combustion model di ers from the nite rate model; it does not solve transport equations for each component. But by surface ame method (i.e., mixing model that is burning), or to chemical equilibrium 5 Complexity selection of threshold is the key work of ame binarization. Otsu' method is widely used in ame image processing [37, 38] .
rough the binary processing of ame video, the probability distribution contour of ame morphology was obtained by calculating the probability of bright spots appearing in the continuous sequence of ame images [39] . Taking working condition 4 as an example, the ame shape parameters are de ned as shown in Figure 4 , where is the ame length and is the maximum ame width. In addition, the position of the nozzle and the position of the terminal ame are also revealed. Slope represents the magnitude of horizontal ame upli ed. e de nition of ame trajectories is widely used in this kind of ame with upward bending, and the de nition method here is the same as in the literature [40] . Figure 5 was obtained by image processing of ame probability distribution from experimental cases 1-6. rough direct observation, we can see that the ame morphological changes are relatively small in experimental conditions 1-3. In experimental conditions 4 and 6, the terminal ame presents a strong horizontal upli ed characteristic. is is mainly caused by a decrease in air volume and atmospheric pressure. At di erent environmental pressures, change in the air density causes a strong ame upli ed characteristic. However, the experimental case 5 showed that the ame width was obviously prominent in the middle region. is should be caused by the adjustment of the air distribution coe cient. erefore, the adjustment of the air distribution ratio is an e ective method under low atmospheric pressure. e speci c in uencing factors also require regression analysis, which will be calculated in the following sections.
Trajectory Axial Temperature Distribution.
e temperature distributions measured on the ame trajectories in the six groups of uniform experiments are shown in Figure 6 . In addition, dimensionless analysis of temperature distribution is required due to the change of air density. e resulting transformation is shown in Figure 7 . In this process, the dimensionless analysis method of Hu et al. was adopted [41] , the temperature rise was taken as the dependent variable, and air density was brought into the dimensionless power term for normalization. According to Xie et al. 's three-region theory of horizontal spray ame [42] , it can be seen that the temperature value in the continuous ame region remains basically the same except case 6. Due to di erent operating parameters and atmospheric pressure, di erent degrees of temperature rise are observed in the region of buoyancy plume ame. e axial temperature distribution is usually scaled by / * [43] , where is introduced as a characteristic vertical length in ame scaling [44] . For horizontal jet ames [45, 46] and buoyancy type ame [47, 48] , we always focus on the temperature distribution of the trajectory axial [49] . To include the pressure e ect in the analysis of trajectory axial temperature, the characteristic horizontal length should be further suggested as * , namely − 0 / . Physically, the virtual origin is used to account for the di erent buoyancy ux at the source. In this paper, the virtual origin refers to the position of the nozzle exit.
With accounting for the virtual origin [41] , then the trajectory axial temperature distribution measured data can be correlated non dimensional by the normalization of:
in uence of turbulence on the randomness of particles, the random orbit model is adopted. To ensure the randomness of the droplet trajectory, a total of 3,600 particles were uniformly distributed within a 360° range.
In addition, to explain the changing mechanism by numerical simulation method, the spray size distribution range of this spray combustion should be investigated. e atomizing particle size of the Riello G5 type burner is tested with a Winner318A Mastersizer [33] . rough the test experiment of spray size distribution, the results show that the spray particle size of the burner is distributed in the range of 20∼60 microns. Droplets within this size range are selected for analysis in this paper. e actual measured spray particle size range is applied to the numerical simulation and then the change mechanism of ame at a low-pressure environment can be explained from the perspective of the droplet combustion.
Results and Discussion
Compared with gas combustion or in normal pressure, the -heptane fuel burning process is more complicated, especially with a sub-atmospheric pressure. e ame shape, especially the ame upli ed characteristic, is signi cant to the engineering design of burner and heater. e ame temperature determines the quality of combustion and the utilization of heat, and the emission of NO is the decisive standard of whether the whole burner can be used in the plateau because the national pollutant emission standard must be met. All these critical characteristics discussed are of great practical signi cance for the design and use of burners in the plateau. e uniform experimental results and correlation analysis were obtained, and the spray combustion at low pressure was explained from the perspective of droplet microstructure.
Flame Shape.
e ame shape is one of the most important and intuitive characteristics of combustion characteristics [34] . e ame video recorded in the low-pressure chamber was processed with grayscale and binarization [35, 36] . e emission. In experiments 4-6, the emission concentration of NO signi cantly increases, which may be directly analyzed as the result of the decrease in environmental pressure. In addition, we note that the damper opening degree in experimental condition 4 is minimal, which means that the air volume at this time is minimal, and the air volume at this time cannot guarantee the full combustion of fuel, which is one of the reasons for the largest concentration of NO. In addition, NO is mainly thermal type NO, which is mainly related to the combustion temperature. Generally speaking,
NO Emission.
e measurement and control of harmful pollutants in combustion equipment are one of the important characteristics of a combustion process. e nitrogen oxide produced in the combustion reaction of light diesel is mainly NO. NO emission data of experimental cases 1-6 are shown in Figure 8 . For spray combustion, generally, the increase in fuel injection pressure will not result in the increase in pollutant 7 Complexity e correlation analysis table of each dependent variable and four independent variables calculated nally is shown in Table 3 . As can be seen, air volume mainly a ects the ame length and NO emission. With the decrease in air volume, ame length becomes longer and NO emission increases greatly. In addition to being most a ected by air volume, NO emission is also positively and negatively correlated with fuel injection pressure and atmospheric pressure, respectively. e maximum ame width and its position are positively and negatively correlated with fuel injection pressure and atmospheric pressure respectively. In addition, the slope of ame upli ed height characteristic is closely related to the operating parameters and atmospheric pressure, and the distinction between primary and secondary factors is not obvious. e regional temperatures of horizontal spray ame are related to di erent independent variables. It is obvious that atmospheric pressure mainly a ects the temperature rise in the continuous ame region and the buoyancy plume region. e ame temperature in the recirculation region is most a ected by air distribution. e in uence of fuel injection pressure and atmospheric pressure on the temperature of the continuous ame region is most signi cant. However, the temperature of the buoyancy ame region is almost a ected equally by various factors, which means that the temperature rise mechanism in the buoyancy ame region is very complicated.
Especially for atmospheric pressure, it is negatively correlated with the characteristic parameters of each ame. at is to say, in the plateau environment, the ame length and width of horizontal spray combustion fuel burner become longer, and the ame has obvious upli ed characteristics, and the emission of NO increases. is may be mainly due to the upli ed e ect at terminal ame region caused by the increase in combustion temperature in the low-density atmosphere. In addition, the increase in temperature will lead to the obvious increase in thermal NO and eventually lead to an increase in NO emission.
Finally, the following regression equations were obtained by the regression calculation of these dependent variables. Since the temperature value is only a measurement point on the ame trajectory, its regression equation is not of great signi cance and is not listed here.
the higher the combustion temperature, the higher the NO concentration will be. In order to reduce NO emission in the combustion of the plateau environment, the temperature in the secondary high-temperature reaction zone of the ame should be controlled.
Correlation and Regression Analysis.
According to the proportion of pixels in the image in the previous section to the actual size, the ame length, ame width, maximum ame width position, and the slope of ame upli ed height characteristics of each experimental condition can be calculated. e data are shown in Table 2 .
In this section, we conducted correlation and multiple regression analysis on ame length, ame width, ame maximum width position, the slope of ame upli ed characteristic and NO emission, respectively. Complexity 8 (9) , the regression equation of ame length is signi cantly a ected by fuel injection pressure, throttle opening and atmospheric pressure. at is to say, the ame length is mainly determined by them and is not closely related to the air distribution condition coe cient. In Equations (10) and (11) , the four dependent variables have signi cant e ects on the maximum width and position of the ame. For the ame upli ed characteristic of Equation (12), fuel injection pressure and atmospheric pressure have the most signi cant in uence on it. In Equation (13) , NO emission is mainly a ected by fuel injection pressure, wind door opening and atmospheric pressure.
Analysis of the Droplets Burning
3.5.1. Droplet Burning Time. Figure 9 (a) shows the burning time of droplets with di erent particle sizes under di erent ambient pressures. e general trend of droplets burning time under di erent atmospheric pressures is approximately the same. For droplets of a given size, the lower the pressure, the longer the droplet burning time. In addition, with the increase in droplet size, the burning time of droplet increases greatly, which basically conforms to 2 saw. e average dimensionless burning time of all the droplets under di erent atmospheric pressures were calculated, as shown in Figure 9 (b). Here, * = / 0 , 0 is atmospheric pressure. * = / 0 , 0 is the average burning time of the droplets at normal pressure. ere is a linear negative correlation between average burning time and atmospheric pressure. e average burning time at 0.05 MPa was nearly 100% higher than that at normal pressure.
is is because the pressure is directly related to the oxygen content in the combustion space. e lower the pressure is, Equations (9)-(13) are the multiple linear regression equations of ame length, maximum ame width, maximum ame width position, the slope of ame upli ed height characteristics, and NO emission, respectively.
where, 1 is the fuel injection pressure, 2 is the throttle opening, 3 is the air distribution condition, and 4 is the Atmospheric pressure, is the correlation coe cients.
For engineering experiments, is given to be 0.1 (i.e., 90% con dence level). Regression equation tests were carried out for the Equations (9)-(13), respectively, and the test results were all signi cant, indicating that the above regression equation was meaningful.
e following conclusions are obtained by testing whether the variables in each regression equation have a signi cant in uence on the regression equation. e ame length is mainly a ected by fuel injection pressure, valve opening and atmospheric pressure. In Equation between ame length and atmospheric pressure [50] . At 0.05 MPa atmospheric pressure, the average droplet burning path increased by 55% compared with that at normal pressure. e increase in droplet burning time and movement path also re ects the correctness of the conclusion that ame length increases under low-pressure.
At the micro level of the droplet, the ame morphology becomes longer and wider due to the increase in the average burning time and path of the droplet. is also con rms that the nal ame shape of spray combustion is determined by the combustion state of droplets. According to the previous uniform experiment results, in the plateau environment, the change of droplet combustion state caused by air density can be compensated by the change of operating parameters. Whether it is to increase the fuel injection pressure, increase the air intake, or change the air distribution ratio, these are all measures taken to promote the burning of droplets. e the lower the oxygen content in the air will be. erefore, the chemical reaction rate between droplets and air will be slower, leading to an increase in the burning time of droplets with the same size and particle size in the environment of low pressure.
Droplet Burning
Path. e combustion paths of droplets of di erent sizes under di erent atmospheric pressures are shown in Figure 10 (a). e changing trend of droplet burning path is consistent with droplet combustion time. With the decrease in atmospheric pressure, the burning path increases obviously. Moreover, the average droplet paths of all sizes were calculated, and the dimensionless results are shown in Figure 10(b) . Here, * = / 0 , 0 is the average burning path of the droplets at normal pressure. e droplet average dimensionless burning path varies with −0.63 power law of atmospheric pressure, which is consistent with the relation 
Conclusions
In this paper, the uniform experimental design of different burner operating parameters and atmospheric pressure were carried out, and the combustion experiments were completed in a low-pressure chamber. e combustion characteristics of horizontal spray flame such as flame length, maximum flame width, and its position, the slope of flame upli ed height characteristics, the temperature distribution of the flame trajectory, and NO emission concentration were obtained. e main and secondary influencing factors of the combustion characteristics were obtained through the phase relationship analysis. For the combustion in the plateau environment, the maximum width and position of flame are most closely related to atmospheric pressure. NO emission and flame horizontal upli ed characteristics are also closely related to atmospheric pressure. In the plateau environment, flame morphology can be adjusted by increasing fuel injection pressure and changing the ratio of air distribution, and NO emission can be kept at a low concentration. is provides a reliable experimental basis for the single-factor experimental design of horizontal spray jet combustion under sub-atmospheric pressure. In the low-pressure environment, both burning time and burning path of diesel droplets are longer at 0.05 MPa than that at 0.10 MPa. Burning path increased by 55%, which in accordance with flame growth extent. At the same time, burning time increased by nearly 100%.
Data Availability
For data availability, if the researcher needs data of this article, the corresponding author can provide the experiment data.
Conflicts of Interest
e authors declare that there are no conflicts of interest regarding the publication of this paper.
